We have determined the three-dimensional structure of recombinant human granulocyte-colonystimulating factor by x-ray crystallography. Phases were initially obtained at 3.0-A resolution by multiple isomorphous replacement and were refined by solvent flattening and by averaging of the electron density of the three molecules in the asymmetric unit. The current R factor is 21.5% for all data between 6.0-and 2.2-A resolution. The structure is predominantly helical, with 104 of the 175 residues forming a four-ahelix bundle. The only other secondary structure is also helical. In the loop between the first two long helices a four-residue 310-helix is immediately followed by a 6-residue a-helix. Three residues in the short connection between the second and third bundle helices form almost one turn of left-handed helix. The up-up-down-down connectivity with two long crossover connections has been reported previously for five other proteins, which like granulocyte-colony-stimulating factor are all signaling ligands: growth hormone, granulocyte/macrophagecolony-stimulating factor, interferon 13, interleukin 2, and interleukin 4. Structural similarity among these growth factors occurs despite the absence of similarity in their amino acid sequences. Conservation of this tertiary structure suggests that these different growth factors might all bind to their respective sequence-related receptors in an equivalent manner.
310-helix is immediately followed by a 6-residue a-helix. Three residues in the short connection between the second and third bundle helices form almost one turn of left-handed helix. The up-up-down-down connectivity with two long crossover connections has been reported previously for five other proteins, which like granulocyte-colony-stimulating factor are all signaling ligands: growth hormone, granulocyte/macrophagecolony-stimulating factor, interferon 13, interleukin 2, and interleukin 4 . Structural similarity among these growth factors occurs despite the absence of similarity in their amino acid sequences. Conservation of this tertiary structure suggests that these different growth factors might all bind to their respective sequence-related receptors in an equivalent manner.
Growth and differentiation of various blood cell lines from progenitor stem cells are regulated by a group of proteins known as hematopoietins (1) . These proteins include the interleukins (ILs), erythropoietin, macrophage-colonystimulating factor, granulocyte/macrophage-colony-stimulating factor (GM-CSF), and granulocyte-colony-stimulating factor (G-CSF).
G-CSF is a 19.6-kDa glycoprotein consisting of 174 amino acid residues (2) . In G-CSF from human blood, there is one 0-linked glycosyl group at Thr133 (3), which protects the molecule from aggregation but does not appear to influence receptor binding directly (4) . G-CSF, produced mainly by macrophages, induces proliferation of neutrophil colonies and differentiation of precursor cells to neutrophils, and it stimulates the activity of mature neutrophils (5).
G-CSF belongs to a group of growth factors that have been predicted to share a common architecture, despite very low sequence similarity (6, 7) . The structures offive of these have been determined-namely, growth hormone (GH) (8, 9) , GM-CSF (10, 36) , interferon ,B (IFN-,8) (11) , IL-2 (12, 13), and IL-4 (14-16); they all have the same four-a-helix bundle motif with up-up-down-down connectivity. Other signaling ligands that are predicted (6, 7) to share this fold include prolactin; erythropoietin; IL-3, -5, -6, and -7; myelomonocytic growth factor (MGF); cholinergic differentiation factor; ciliary neurotrophic factor; and oncostatin M. Only MGF and The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
IL-6 show any significant sequence similarity to G-CSF, with 37% and 32% conservation of sequence identity, respectively (7) .
We have determined the crystal structure of recombinant human G-CSF (rhG-CSF),* which is expressed in Escherichia coli, is not glycosylated and retains the amino-terminal fMet residue; it is, however, biologically active (2) . We refer to the fMet as residue number -1.
MATERIALS AND METHODS
The rhG-CSF used in this study was (18) , and two heavy-atom derivatives, thimerosal and praseodymium acetate, were used to initiate determination of the protein structure (details are given in Tables 1 and 2 ).
The solvent-flattened (21) multiple isomorphous replacement (MIR) map clearly showed the presence of four helices corresponding to each of the three molecules in the asymmetric unit. These three molecules are not related to each other by a proper rotation axis. Noncrystallographic symmetry operators were derived from a partial atomic model, and averaging of the electron density led to a significant improvement in the quality of the map; revealing longer helices, side-chain density, and parts ofthe connecting loops. This map was interpreted conservatively as 100 alanine residues in the helical regions only. Positional refinement with PROLSQ (22) gave an R factor of 38%. Combination of MIR and polyalanine model phases prior to solvent leveling and averaging gave a map that in most regions was of good quality, and into which it was easy to fit the known amino acid sequence (23) .
Abbreviations: G-CSF, granulocyte-colony-stimulating factor; rhG-CSF, recombinant human G-CSF; GM-CSF, granulocyte/ macrophage-colony-stimulating factor; IL, interleukin; IFN, interferon; GH, growth hormone; hGH, human GH; pGH, porcine GH; MIR, multiple isomorphous replacement. *Present address: Department of Biochemistry, University of Utah, Salt Lake City, UT 84132. tPresent address: Amgen, Molecular Structure Lab, Building 2, Thousand Oaks, CA 91360.
tThe atomic coordinates and structure factors have been deposited in the Protein Data Bank, Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973 (reference 1RHG, R1RHGSF). In general the segments that could not be located in MIR/ averaged maps are close to neighboring molecules in the crystal, suggesting that these regions of poor electron density may be due to averaging out features that differ among the three molecules. Consequently, a mask was manually defined to include only regions that were known to obey the noncrystallographic symmetry (i.e., were well defined in the averaged map). Another mask was defined for regions that were confidently expected to be solvent (i.e., well removed from the missing residues). An iterative procedure of map calculation, modification, and back-transformation was employed, in which regions outside the masks were not modified explicitly. Several different strategies were tried, all with similar results (Fig. 1 ). This gave a noticeable improvement in the map quality; however, it was still not possible to locate the missing residues, which remain undefined even after refinement.
The structure has been refined with XPLOR (25) against 2.2-A data collected on an R-axis imaging plate detector. The current R factor is 21.5% and the rms deviation from ideality of covalent bond lengths is 0.017 A; further details are given in Tables 3 and 4 (Fig. 2) . The four helices within the bundle are referred to as helices A-D; their connecting loops are known as the AB, BC, and CD loops. The AB and CD loops are long overhand connections; only the BC loop is of the more usual short hairpin type (31) .
The rhG-CSF bundle is regular with helix crossing angles that range between -167°and -159°. The average crossing angle (-162.5°) is very close to that expected (-161°) for an ideal left-handed antiparallel four-a-helix bundle (32) . Helices A, B, and C are straight, whereas helix D bends towards the shorter helix B. The change in axial direction between the ends of helix D is 350, with the greatest changes centered on Gly149 and Ser159. The longest straight portion of helix D (residues 159-173) makes the most extensive interactions with the A, B, and C helices, and this is the section of helix D used above to define the crossing angles within the bundle.
In addition to the four major helices that comprise the bundle, there is a shorter helical section within the AB loop. Mean figure of merit = 0.59 Heavy-atom parameters were refined by the method of correlating origin-removed Patterson functions (20) . The phasing power of the praseodymium acetate [Pr(OAc)3] derivative, 0.84, would normally indicate a useless derivative. In this case, however, the density maps were clearly improved when anomalous scattering from Pr(OAc)3 was included in the phase calculation. We assume that this results from the large anomalous signal (fi' = 10.5e) of praseodymium. The heavy-atom binding sites are chemically reasonable. Each of the three thimerosal mercury atoms is bound to the single free thiol, Cys17, in each of the three molecules in the asymmetric unit. In contrast, praseodymium sites do not obey the noncrystallographic symmetry. They are located near clusters of at least three carboxylate side chains, which in every case come from at least two different rhG-CSF molecules. fh = heavy-atom structure factor; E = residual lack of closure; Rcullis = XIIFPH -FPI -Ifh(cac)II/jIFPH -FpI. The two disulfide bonds in rhG-CSF, Cys36-Cys42 and Cys64_Cys74, are both required for activity (35) . They are located at opposite ends ofthe long AB loop, where they form short loops to the C-terminal end of helix A and the N-terminal end ofhelix B (Figs. 2 and 3 ). The Cys36-Cys42 disulfide forms the major part of a neutralizing antibody epitope (33) . Circular dichroism measurements show that in the absence of Cys64-Cys74 only about half of the native structure a-helix is formed (35) .
DISCUSSION
rhG-CSF belongs to a distinct structural class of growth factors. Comparison with GM-CSF (10, 36), GH (8, 9) , IFN-j3 (11), IL-2 (12), and IL-4 (14-16) reveals a common motif of a four-a-helix bundle with two long crossover connections. This similarity is evident from connectivity diagrams (Fig. 3) , and it exists despite little sequence similarity. Differences include the number and position of disulfide bonds. To our knowledge no other proteins are yet known to share this architecture. There are also differences in the bundle geometries. The bundle helices of rhG-CSF, pGH, and hGH have almost twice as many residues as in GM-CSF. The relative lengths of bundle helices vary (Fig. 3 (38) (39) (40) (41) (42) . This suggests that these signaling ligands might all bind to their respective receptors with equivalent geometries. Thus far, hGH is the only one ofthese ligands whose receptor-bound structure has been reported (9 (14, 15) . These diagrams are based on inspection of cited references. The lengths of secondary structural elements are drawn in proportion to the number of residues. There are some minor differences in the secondary structure assignments reported by the various groups that have independently determined the structures of GM-CSF and of IL-4. A, B, C, and D helices are labeled according to the scheme used in this paper for rhG-CSF. For IFN-,3 the original labeling of helices is indicated in parentheses.
molecules. The first hGH receptor-binding surface is primarily composed ofresidues from helix A, the AB loop, and helix D; the residues of the second binding surface are from helix A, the BC loop, and helix C. It remains to be seen whether the structural similarity shown within this class of growth factors extends to their mode of receptor recognition.
Note Added in Proof. The recently reported crystal structure reveals that macrophage-colony-stimulating factor (M-CSF) (43) belongs to the same structural family as G-CSF, although M-CSF is unique in consisting of disulfide-linked dimers. In this regard we note that IFN-yis a dimer in which interpenetrating helices form two domains, each of which is reminiscent of IFN-,B (44).
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